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ABSTRACT

An analysis has been undertaken to understand the pertinent factors for choosing
the semiconductor(s) used to develop a high efficiency, laser, induced, pulsed,
picosecond, electromagnetic sources (LIPPES). For this project, the relationship
between the laser wavelength and the semiconductor has been studied. Much of the
allotted time was spent in preparing the laboratory experimental setup, rebuilding and
aligning the lasers used for the experiment and fabricating new specimens for
evaluation. With respect to the main thrust of the project, the studies show that: 1) of
the specimens on hand, the highest efficiency are generated in material that has a
doped epi-layer on a semi-insulating, bulk substrate; 2) the density of states in intrinsic
material is too low to permit significant E-M fields to be generated, therefore doped
material/epi-layer will be necessary for large field generation; 3) when the laser
wavelengths are close to the bandgap of the particular semiconductor the E-M
radiation efficiency is significantly increased; 4) the surface density of states and
surface activation level plays a significant roll in the efficiency of the device, 5) the
application of an antireflection coatings on laser absorbing surfaces of the
semiconductor significantly improves the strength of the E-M output; 6) synchronized
high voltage pulses, as short as practical, are necessary to minimize the chances of
surface breakdown during LIPPES operation.
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INTRODUCTION

Some years ago a it was suggested [1] that a wide band microwave source could be generated by
using high voltage to accelerate charged carriers that have been optically excited on the surface of a
semiconductor. Such sources would have a time domain width controlled by the duration of the
optical pulse in combination with the semiconductor, photo-carrier lifetime. Optical excitation
could simplify multiple E-M source generation; for example by splitting a single laser beam onto
multiple paths. Phase and impedance matching problems, inherent in UHF microwave source - to
- antenna coupling, would be significantly reduced with such a scheme. In addition, the E-M
sources, as described, would act as their own radiating elements (antennae) thereby producing a
compact array, which could be reconfigured electro-optically [2,3] rather than by complex
mechanical and/or electronic delay lines schemes. This would be a distinct advantage in the high
“g” environments of airborne platforms. Cooling to at least LN, temperature would be feasible for
airborne applications and has the potential for improving the field strength of such arrays by
increasing the mobility and hence the final velocity attained semiconductor photo carriers [6].
Such laser induced, pulsed picosecond electromagnetic sources (LIPPES), have been investigated
for some time and the basic concept has be shown to be viable. Research into various aspects of
LIPPES has proceeded continuously, albeit at a low level, since 1994. The initial proof of concept
was demonstrated by several organizations including Rome Laboratory, Hanscom AFB, MA [4].

The concept, simply stated, is that photo carriers, induced in a semiconductor by an optical
laser pulse will accelerate if a quasi-dc electric field is present in the plane of the semiconductor
(say between two surface metallic contacts on a thin polished wafer). Such accelerating carriers
(generally electrons) will radiate electromagnetic (E-M) fields in proportion to the applied dc field
strength up to some maximum velocity controlled by the intrinsic semiconductor parameters; vis-a-
vis the mobility. Experimental results of the past two years have generally confirmed this
hypothesis and theoretical calculations indicate that the resulting microwave field strength at the
surface of the emitter can be as high as the accelerating potential, i.e. in the kilovolt range! The dc
field dependence has been examined and reported recently by the Liu, et al. at USAF Rome Lab.
Hanscom, MA [5]. In that study, E-M radiation field strength from GaAs and InP were measured
as a function of applied dc bias. They demonstrated that, for two candidate materials, a plateau in
the radiated field was reached for the dc field above some threshold; about 5.5 kV for GaAs and 12
kV for InP. Based those studies and other information develop thus far, InGaAs should to be an
even better source of E-M radiation producing stronger E-M fields at lower dc voltages.

This contract was intended to evaluate the relationships between the wavelength of the
excitation laser, the bandgap of the semiconductor and semiconductor surface condition (density of
states) on the efficiency of the LIPPES devices. While a complete mapping of the variables was not
viable in the short time frame of this project (approximately 73 working days), much useful
information was generated that should ultimately lead to a successful application of LIPPES
technology to AF needs.




DESCRIPTION OF WORK ACCOMPILISHED

YLF | aser preparation
At the beginning of this project it was recognized that the eight-year-old YLF laser that had the
principal excitation source for the majority of the LIPPES experiments was deteriorating and would
require some refurbishing. To that end and in parallel with the rest of the program we undertook to
completely rebuild and realign the YLF laser. The following main items were successfully
completed on the Quantronix YLF laser during the course of this contract:
The closed cycle, DI water, cooling loop was cleaned and new particle filters were
purchased and installed.
Two new YLF lasing rods with different end configurations were purchased and one was
installed in the system. (The original rod had deteriorated to an efficiency of less than
50%.)
The entire laser, including all mirror surfaces, was cleaned and realigned as per the factory
specs.
The Q-switching section was re-installed and the corresponding output pulses were
optimized for power.
The Pockels Cell, used as the laser peak-pulse selector, was installed in the beam path and
optimized.
The frequency doubling, KDP crystal, section of the YLF system has been install in the
optical path arid optimizes.
Re-optimization of the system has resulted in a power efficiency of approximately 95% of
the YLF laser at its initial installation.
Notes and addenda were added to the Quantronix manual so that the alignment can be
repeated in the future.

Ti-Sapphire I .
The Ti-sapphire laser is tunable around the band gap energies of both InP and GaAs. It was
essential for this investigation that the Ti-Sapphire laser operate reliably and at peak performance.
The system had set unused for the three years prior to the commencement of this project and so
significant time was spent realigning and calibrating this laser. Because of difficulties in
establishing mode lock operating conditions, Dr. Crisman traveled to the manufacturer home office
(Lexel Corp, San Jose, CA) to consult with the experts there. The information attained ultimately
allowed us to establish self-mode locking in the femto-second range and active mode locking in the
pico-second range (where the experiments were to be performed). The detailed understanding of the
Ti-Sapphire laser operation was essential for this and any follow on LIPPES projects. During the
course of the contract the following significant items were completed on the Lexel Ti-Sapphire
laser:
1. Detailed cleaning and alignment of the Ti-Sapphire Laser has been completed.
2. The laser has been successfully operated with the wavelength selecting, quarter wave plates
installed in the optical path.
3. The laser has been successfully operated with the NEOS, electronic mode locking section
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installed in the optical path.

The alignment procedures for self mode locking were estabhshed in the femto-second
regime with the ‘group velocity delay’ optical section in place.

Further experiments verified that the active mode locking (using the NEOS system) was
functioning properly and that both 76MHz and the 100MHz pulse trains could be
established in the pico-second operation regimes.

A selection of transmission mirrors was obtained from Lexel so that the various operating
modes could be readily established in the future.

Finally, the Ti-Sapphire laser was reconfigured to operate in pico-second range and the
system was realigned for operation in that mode with active mode locking. '

Once it was determined that the coaxial feedback connection was missing to the NEOS
control box, the system regularly operated in the pico-second regime with active mode
locking.

Notes and addenda were added to the Lexel manual so that the alignment can be repeated in
the future.

From 'cold start' the laser can now be placed into pulse mode within approximately 20 minutes.
Heretofore the system was not functioning in the pico-second pulse range at all. This laser is now
configured so that the semiconductor experiments can go forward.

Other Oufical Lahoratory Faciliti

1.

A Spectra Pro 275 monochrometer with CCD detector array was purchased and has been
installed on the optics bench with the Ti-sapphire laser. This system is used to determine
the precise wavelength of the laser pulses so that the functional dependence of efficiency
near the semiconductor band edge can be ascertained.

A rapid response photodiode connected to a 250MHz oscilloscope was installed to detect
and display the mode lock pulses.

Beam splitters were installed so that total power, spectral content and pulse shape could be
view simultaneously.

The optical benches in the lab have been re-arrange so that the experiments can be
integrated on them and a new bench is being installed so that all bench height will be the
same.

HEPA particle filters have been purchased and installed in the optics laboratory. These
have been supplemented with filter paper coverings over the room AC inlets.

Work orders have been placed to have the water-to-air heat exchanger for the Quantronix
YLF laser replaced by a heat exchanger directly connected to the building's cooling loop.
(This is being done to provide more space and reduce noise and vibration in the optics lab.)

A great deal of attention was also given to evaluating the method of providing the quasi-dc

field across the surface of the photoactive specimens. We did a preliminary evaluation with a DC
source capable of 10kV maximum voltage. With that source it was determined that above about
300mA, regardless of the voltage, surface leakage and/or current limiting resistor breakdown often
caused surface flash-over that was detrimental to the specimens. This is likely due to the I'R local
heating with subsequent run away caused by thermally generated carrier conduction through the




semiconductor surface states abetted by overheating of the one eight Watt, current limiting resistors
in the high voltage circuit. This was verified by cooling the surface with expanding dry air spray
and noting that the current dc current decreased accordingly.

The original setup had transformer-induced voltage pulse variable up to 20kV, with half
width of ten microseconds. Because of difficulties with triggering and synchronization of the HV
pulse circuit with the optical pulses, we explored several methods of providing the electric field
pulses that could be synced with the Ti-Sapphire, NEOS active mode lock control. To that end we
have employed a capacitive discharge, auto ignition system and an automobile spark coil for the
HV pulse source. While this was found to provide voltage pulse peaks > 40kV with half widths <
5.0 ps, vulgarities of the internal design of the SCR circuit, used to trigger the discharges, restricted
control over the HV pulse amplitudes. We are pursuing the concept by designing our own
capacitive discharge system for use with low impedance; automobile high-tension coil designed
specifically for transistor ignition systems. When that design is completed, we should be able to
reach the 40kV desi%n voltage with pulse widths as short as 1pus.

A 'divide-by' 10" digital counter has been designed to facilitate synchronizing the HV pulses
with the (100 MHz) optical pulses.

First level automation of the data acquisition, using Lab Windows®, has been completed. This
will allow the automated capture of the of the microwave pulse waveforms as a function of various
parameters (laser wavelength, optical pulse power, angular position, etc.)

The Tektronix 11802 sampling scope and the Opto-Electronics, Inc. ultra fast, diode
detector, which have been the principal components of the synchronization and monitoring systems,
both failed during the last quarter of the project. They have been returned to the manufacturer for
repair.

Sneci { Facilities P i

To a great extent, the success of the proposed material evaluations depended on an accurate
knowledge of the semiconductor properties of the LIPPES specimens used for the evaluation.
Much remains unknown about the history and properties of the 'old' specimens used here-to-fore for
the preliminary studies. We decided early on that we should prepare some 'mew' LIPPES
specimens, from well-characterized GaAs, so that a reference point could be established against
which our measurements could be compared. To that end significant time was expended in 'tuning
up' the UHV sputtering system so that its performance would again match the specifications. As
part of that phase of the program, we spent some time in calibrating the system by reactively
sputtering silicon to form silicon nitride. [This was, also, done to provide etch stop capabilities for
one of our other scientist who was fabricating silicon based MEMS structures.] In addition, silicon
nitride provided us with the capability of adding anti-reflection coating to the LIPPES specimens
for improved efficiency. The results of those experiments are contained below. For the UHV
system we accomplished the following upgrades revisions and preparations:

1. A new view port was installed in the UHV deposition system that has allowed a high
vacuum of 5x10°Torr to be achieved once more.

2. A new cryo-pump was installed.

3. A new ion gage was installed in the UHV main chamber.

4. A procedure was established for fabrication of GaAs LIPPES specimens using our own

UHYV facilities.

5. The UHV system was used to prepare, GaN, AIN and Si3Ns by reactive sputtering.



6. Reactive sputtering of silicon has been incorporated into AFRL/SNHA first successful
MEMS device constructions.

7. Specimens of AIN/GaN were prepared in the system and sent for evaluation to X-C Zhang

at Rensselaer Polytechnic Institute Physics Department. Prof. Zhang uses a similar

generation mode to ours to produce femto-second pulses of E-M radiation.

The rf monitoring and measurements equipment has been set up and checked out.

9. All the ‘old’ LIPPES specimens and some of the ‘new’ specimens (prepared during this
project) have been evaluated to establish base lines for our refurbished laser systems.

10. Preparation of more ‘new' InP and more new GaAs specimens has begun.

®

We developed and evaluate a thin film anti-reflection coating that enhanced the coupling of laser
energy into our GaAs LIPPES specimens at specific wavelengths. The layers are of the single
index, quarter wave type, matched to specific semiconductor specimens and to laser wavelengths
used for optical excitation. The purposes of this development is to increase the laser power
coupling into the semiconductor specimens and thereby increase the radiated E-M field strengths of
such elements when used as reconfigurable LIPPES sources.

Background: In an earlier program we evaluate the next level of complexity for the LIPPES
concept after the original proof-of-principal was established. As part of that evaluation [7], a single
source was excited in two spatially separated regions by splitting the exciting laser beam. An
alternative configuration was also demonstrated in [7] wherein two specimens, stacked physically
in series and biased separately, were excited simultaneously by a (split) laser beam. Near and far
field measurements confirmed that a phase relationship could be superimposed on the detector by
the opto-mechanical relationship between the source(s) and/or the exciting laser beam(s). That is,
by varying the physical position on the surface and/or arrival time of the optical pulses, the angular
position of the maximum E-M signal could be controlled. A final configuration, offering promise
for further simplification, is shown in figure 1. There, two semiconductors of different band edge
absorptions are configures in series and illuminated by a laser which contains TWO wavelength
components (viz. a YLF at &=1.053im with a frequency doubled component producing a shorter
wave length & =0.5265im). The shorter wavelength, &s, will be absorbed in the first emitter element
(GaAs). The longer wavelength, &, will pass through the GaAs element but be absorbed in the InP
element. Since the E-M pulse from the GaAs travels at essentially the same velocity as the &L
component of the laser pulse, the two arrive simultaneously at the InP and the phase relationship of
the E-M pulses from the two sources is preserved.

The results of that study suggested several courses that might be followed in order to
increase the E-M signal strength The choice of semiconductor (this project) for instance, was one
of the more urgent follow up efforts suggested by that study. The physical layout of the contacts, the
profile for the quasi-dc accelerating voltages and the spatial relationships between the
semiconductor sources and the light excitation beam where also identified for further study. One
parameter that is of utmost importance to all the measurements, now and in the future, is the optical
coupling between the light source and the semiconductor. That parameter presents challenges even
now at this early stage of evaluation because of the nearly 35% loses at the air/semiconductor
interface. Therefore, as part of this study we also did preliminary development of an anti-reflection




coating for one of the semiconductors that are presently the focus of the LIPPES studies.
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FIGURE 1: LIPPES series configuration for a two ‘color’ laser source exciting
two E-M radiating element in series configuration.

For the experiments performed to date, the light source has been a Q switched, mode locked,
frequency doubled, YLF laser with (ML/QS) power of 1.35Watts and pulse energy of
approximately 50uJ for 50ps duration pulse. The wavelengths available from the YLF laser are
1053nm and (frequency doubled) 526.5nm. Assuming laser light, at normal incidence, impinging
from an air medium onto a non-absorbing, partially reflective, polished surface then the reflectivity,
for that single interface condition, is given by the Fresnel reflection equation:

2
R=|Ds "M (1
n,+n,

Where na is the index of refraction for the ambient medium (air, na~ 1) and ns in the real part of
index of the solid (semiconductor). Taking GaAs (the most used semiconductor of these studies
thus far) as an example, then ns ~ 4.025 and the reflection will be 36%! For InP, the other
semiconductor use to date, the reflective loses are somewhat less at 31%. Finally, for InSb or InAs,
which appear to be an even better E-M sources based on their mobility, reflection lose could be as
high as 41%." It is obvious even from these simple estimations that dividing a laser source
between many targets will significantly affect the semiconductor excitation level and hence the
resulting E-M field strength which is the fundamental gauge for most of the evaluations thus far.

Therefore, even a simple AR coating development should reward us with improved absorption and
hence increase the precision of the LIPPES research.

"The numbers calculated are based on published information for the indicated semiconductors [8, 9, 10] and assume a
visible green wavelength of 526.5nm for the YLF laser source after frequency doubling. Some of the variations
suggested for improving the E-M field strength will require AR coatings optimized for A ~ 1053nm and other
wavelengths near 1000nm.



The salient features of single index antireflection coating have been extensively investigated are
the subject of chapters in many textbooks. They will not be reiterated here. The reader is referred to
[9] for detailed analysis of the subject. From there, it can be found that the 'best' index for a single
coating is given by:

nc = (na -ns)"? @2

The challenge for GaAs, with ns ~ 4 at 526.5nm, was to specify and deposit a dielectric
that, 1) would have an index variable about 2.00 + 0.10, 2) will withstand the humidity and
common solvent fumes of the laboratory and 3) can be formed into sputtering targets from available
high purity chemicals.!  For example at 526.5nm the simple calculation of equation (2 above
would indicate an AR coating with index on the order of 2' for GaAs. From various published
sources, some AR candidates can then be defined. For example, SizNs has nc =1.97 to 2.02, when
deposited by sputtering, and is readily available in very high purity. There is tabulated information
on a variety of dielectric compounds for which the refractive index has been measured at least over
some portion of the visible and near infrared spectrum [9, 10]. It is also possible to ‘tailor’ a
coating for a specific index values. Ternary mixtures such as silicon oxynitride, SiOxNy, with 1.46
(Si02) < nc <2.10 (Si3Ng) and aluminum oxynitride, AlIOxNy with 1.76 (ALO3) < nc < 2.2(AIN)
would provide a composition tunable index of high durability (hardness and moisture resistance).

AR Coating Preparation:

All films were prepared by reactive rf magnetron sputtenng in a S-steel chamber pre-cryo-
pumped (15 °K, closed cycle He) to a pressure P < 5x10® Torr. After the specimens were
introduced into the vacuum chamber and prior to introduction of the sputtering gases, the system
was baked to T > 100°C to reduce the residual oxygen/hydroxyl partial pressures. Approximately
12 hrs was required for the bake-out cycle. Zero grade argon and nitrogen were introduced through
PID gas flow controller and associated valves. Total pressure for the film production was SmT for
the combined Ar+N; gases (typically 4mT Ar and 1mT N during the sputtering cycle). The target
for all the runs of this study was polished, N-type semiconductor grade, silicon wafers doped to
1x10'® with phosphorous. The specimens where nominally cleaned by rinsing in acetone and/or
methanol and blown dry with N> before loading into the UHV chamber. The target to specimen
distance was 18cm. All run were done with total RF power at 200 Watts.

In order to develop a baseline for sputtered SisNj thickness, calibration runs were done with
silicon wafers (rather than GaAs) as the substrate specimens. Typically three runs were done before
the silicon target was changed (to prevent 'sputter-through' of the target). The data in figure 2
shows the effect of the N partial pressure on the silicon deposition rate. As anticipated, there is an
inverse relationship of deposited rate with increasing partial pressure of Nz (in Ar).

’It should be noted that the added flexibility provided by double layer AR coating can almost certainly provide R ~ 0 for
single wavelength sources at normal incidence [9]. Since double layering allows both thickness and index of the AR
films to be varied, it is possible to choose for the interface AR layer a surface-passivating compound. Surface
passivation will allow the dc bias field to be increased as necessary to insure velocity of saturation of the accelerated
charges. So, this research also provides an excellent foundation for future efforts to optimize the LIPPES technique for
airborne and other applications.
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Reflectivity Measurements:

Evaluation of the Si3Nj films as AR coatings was performed by measuring the reflectivity
directly as a function of wavelength using our LEXEL, model 480, Ti- Sapphire laser excited by
a 5 Watt, cw, SPECTRA PHYSICS, Millennia, diode pumped, YAG laser (frequency doubled to
532nm). The LEXEL was fitted with dielectric cavity mirrors optimized for a wavelength range
of 700 <A< 850 nm and was wavelength tunable via a rotating bi-refringent crystal. A dielectric
mirror reflected 5% of the extant light into a NEW FOCUS, Inc. Model 7711 Fuzeau wavelength
meter used to monitor the A parameter. Approximately 8% of the remaining power was
reflected, with a microscope slide, to the detector element of an OPHIR Laser Power Meter used
to monitor the incident power.2 The remaining light passed through the slide and, after reflecting
form the specimen under test, was incident on a MOLECTRON EPM1000 energy/power meter
fitted with a J3 detector. A program was developed using HP-VEE to acquire data from the
individual measuring devices.

The procedure for obtaining the data was to adjust the bi-refringent crystal for a specific
wavelength and then run the program, which took ten readings for each of the A settings. The
data was stored in tabular form and later averaged to provide incident power, reflected power
and reflectivity (Prefiected/Pincident) as a function of A for the plots below.

Before each specimen was measured, a first surface mirror was placed at the specimen
position, the two power meters were ‘zeroed’ with the laser blocked and the room lights off, and
then the laser was turned on and the ratio of incident to reflected power was measured. This
number was then use as the ‘100% reflectivity’ value for adjusting the subsequent measurements
with “-~ ~secimen in place.

*The m »pe slide had essentially ‘flat’ transmission over the A range used here and so no correction was made for
its prese



Prior to evaluating the AR coated specimens, the reflectivity setup, described above, was used to
measure a specimen of un-coated GaAs of the type that was intended for subsequent AR coating.
This was done after the GaAs was successively cleaning in e-grade acetone, e-grade methanol,
etched in HF:NH;3OH, rinsing in DI-water and finally blow drying in dried zero grade nitrogen.
The specimen was measured as described above and then the plot of reflectivity versus
wavelength was generated as shown in figure 3.
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Added to that glot is the data of Aspenes and Studa [8] which was made on vacuum
cleaved GaAs at 1x10~T and is the most accurate available for GaAs. As can be seen in the
ﬁgure the data for this study tracks well the published data except for small variations in the
region around 750nm. Based on the good agreement here the measurement system was applied
to the AR coated specimen in the same fashion.

The plot of figure 4 shows the reflectivity of the 167nm-coated specimen (#5239). The
167nm AR coating was prepared primarily as a thick layer on the first GaAs specimen for
reference purposes. When it was measured for reflectivity, it was found to approach a reflection
minimum at 760nm. This is in agreement with the predicted minimum A for a film of 167nm
thickness, which should occur at an odd multiple of 1/4Ac, i.e. the wavelength corrected for the
index of the AR coating (in this case N=17 would imply a minimum for 161nm thickness). As
seen in the figure the reflectivity not only is approaching a minimum but also has an extremely
low absolute reflectivity on the order of 0.5%! This means that thicker layers are acceptable and
might even have some advantages over the first quarter A thickness due to better adhesion.

There are two separate series of data plotted in figure 4. Series 1 was done with the small
amount of 532nm light that 'bleeds through' the optical path and originates from the diode/YAG
laser used to excite the LEXEL Ti-Sapphire system. The series 2 data was a re-run of the same
#5329 specimen done after filters had been added to remove that 532nm component. As can be




seen, the reflectivity is further reduced when the stray background component is removed.
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with Ti-Sapphire
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component
present, Series 2,
with 532 nm
component
removed.

Of the three remaining specimens listed in the table above, #5241a was not measured
because the film had clearly delaminated for the GaAs substrate leaving a mottled surface

appearance.

AR coating 5421b had a design thickness of 64.9 nm chosen to minimize reflection at
526.5nm which is A/2 of one of the laser lines intended for use as in the LIPPES system. The
incident and reflected power data and the resultant reflectivity are plotted for that specimen in
figure 5. A polynomial curve fit is has been added for the reflectivity data. Extrapolation of
that equation to shorter wavelengths gives a minimum reflectivity at 670nm, about a 21% error,
but with an absolute reflectivity on the order of 5%.
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used for LIPPES
experiments).

A similar plot is shown in figure 6 for AR coating #5242 with a 97.6 nm design
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thickness. Here again the original incident and reflected powers are plotted along with the
resulting ratio (Pi/Py) to give the reflectivity. The polynomial curve fit for that curve appears to
be approaching a minimum in the vicinity of 850 nm, which implies an error on the order of 6%.
Since leveling off of the curve is not observed here the error is likely greater but the reflectivity
at minimum will clearly be less than 10% at the minimum. The main source of disagreement
between the predicted minima and that indicated by the data is probably the relatively large area
covered by the reflectivity probe beam. This allows the sampling of areas were there is
gradients in the thickness and hence variations in the reflectivity values. Time constraints did
not permit the investigation of that explanation, but experiments are continuing at the AF
laboratory to evaluate the effect. In general we have shown that SisNs reactively sputtered
films can be varied in thickness to provide reasonable matches to specific wavelengths.
Refinements of this process should provide repeatability to within a few percent in A with
minima in reflectivity loses less than 5%.
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AR Coating Summary:

We have developed a procedure for reactively sputtering continuous Si3N4 thin film anti
reflection coating onto GaAs for the purpose of enhancing the transmission of discrete laser
wavelengths. Independent measurements of absolute reflectivity show that those AR coatings
reduce the reflective losses to < 5% and that the process control is sufficiently precise to allow the
film thickness to be controlled to within +10nm. ’

ADDITIONAL ACCOMPIISHMENTS OF THIS PROJECT

e The paper accepted for publication in Applied Optics Letters during the third reporting
period has been published. It is included as Appendix I of this final report.

e We have prepared two white papers, describing aspects of the LH”PES concept, and aspects

of MEMS switch construction for submission to AFOSR and DARPA. Theses are included
as Appendices II and III of this final report.
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ABSTRACT

A single, pulsed, laser beam containing multiple wavelengths (wavelength multiplexing) is employed to
activate two semiconductor antennas in series. The dielectric nature of the semiconductors permits serial
cascading of the antenna elements. Recently observed nonlinear characteristics of radiated field as a
function of the free carrier accelerating (bias) voltage are use to minimize the small interactions between
elements. We demonstrate that the temporal EM radiation distribution of two serial antennas is sensitive
to the three dimensional pattern of the optical excitation source. This, in turn, can be varied continuously

by optical means to provide reconfiguration of the array.

In this letter we report the performance of two photoconductive antenna elements excited in series
by picosecond laser pulses. Rather than provide separate optical pathway to each element, two
wavelengths are entrained in a single optical beam. This results in a more compact antenna array. Each
semiconductor element is tailored to respond to only one of those wavelengths. Such an array can be re-
configured by the wavelength content of the optical beam. When combined with co-planar excitations
(multiple excitations of the same element), three-dimensional electromagnetic (EM) source antennas are
readily achieved.

Because of their large bandwidth, pulsed microwave sources, operating in the gigahertz range,
have been suggested for a number of applications; as ground penetrating radar (anti-personnel mine
identification, utilities location) remote triggering encoders in mining, automobile anti- coII|S|on systems,
aircraft type identification portable medical and security scanning, to name a few.! The use of
semiconductor radiating elements combined with diode lasers and laptop size computers should result in
compact, portable units as compared with systems in use today Such configuration do not require the
microwave 'plumbing’ and mechanical steering associated with conventional centimeter wavelength
sources and antennae.

Lasers, (operatnl;g in either the CW or pulse modes,) activate the semiconductor elements by
generating free carriers”™. Those photo-carriers are accelerated in an externally applied electric field to
produce EM radiation. When not illuminated, the semiconductor elements are essentially transparent to
high frequency EM fields and, therefore, are not interactive with other components. Because of their
dielectric nature, inactive semiconductor elements also have a lower microwave cross section then their
metallic counterparts.

The concept and general experimental setup of the laser induced, pulsed, picosecond, EM
sources (LIPPES) have been described in detail elsewhere®. Briefly, a mode-locked, Q-switched YLF laser
system provides 50uJ pulse energy with 80ps pulse duration at a wavelength of 1053nm. The laser
pulses are selectively chosen, by a Pockel, cell at a repetition rate of 378Hz, and a KDP frequency doubler
converts the pulses to a wavelength of 527nm. The doubling is accomplished in such a manner as to
allow a significant amount of energy to radiate at 1053nm as well. An photo-detector is used to trigger a
TEK11802 sampling scope. Pulses of 100ps duration are readily resolved and 10ps resolution is possible
with this setup. A 20kV, 5ps, bias pulse is synchronized with the laser pulse. Pulsed bias is use instead of
DC bias to reduce heating and surface flash over on the elements. Fig. 1 illustrates a serial configuration
of the photoconductive array of two semiconductor elements photo-activated by such a dual wavelength
laser source.

The two-element system consists of GaAs wafer in the rear and InP wafer in front. Undoped
GaAs (bandgap Eg=1.43eV @ RT) strongly absorbs the 526nm but is transparent at 1053nm wavelength,
while the InP with Fe impurities (Eg=1.32eV @ RT), absorbs strongly at 1053nm. As a result, in-line array
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elements are activated. For optimization, the absorption edge and thus the wavelength sensitivities of the
semiconductors can be adjusted by varying the density and species of the impurities.

The nonlinear characteristics of the radiated field versus the bias field, generated by a gigahertz
photoconducting antenna, have been reported elsewhere’. The amplitude of such fields, E(t), is
proportional to their final velocity (v), as described in the following equation:

ev(1-R) (r- ')
E(t) < ———[ dr' I,,p(t')exp[ 0}
where e is the unit charge quantity, v is the carrier velocity, R is the optlcal reflectivity of the semiconductor
at frequency o, ey is the photon energy, Iop is the optical intensity, and 7 is the photo-carrier lifetime.

Typically, the accelerating carriers (usually electrons) in the semiconductor can reach their final
velocity within a few picoseconds or less, i.e. a time much shorter than the optical pulse duration of about
80ps. Consequently, the waveform of the generated microwave pulse emulates the profile of the optical
pulse in the time domain. The carrier velocity is not Imear with the bias electric field, and some threshold
value exists above which a saturation plateau is observed’. This relationship is shown in Fig. 2.

With the bias field is set at the plateau, the photo-induced EM signal will become insensitive to
variations of the bias field. Taking advantage of this property, the bias field of the front element was
established above the threshold value for InP (6kV/cm for GaAs, and 12kV/cm for InP). Therefore, the EM
field arriving from the rear (GaAs) element did not affect the generation of EM field in the front (InP)
element (see Fig. 3). Furthermore, the EM pulse and the optical pulse will arrive essentially simultaneously
at the front element thus ensuring that the combined (front and rear element) EM field will be in phase. In
this configuration, the couplings between the elements are expected to be minimal, and the total radiation
signal in the far field is given as the superposition of the mdnvadual EM fields. Higher gain and beam width
narrowing of the far field EM radiation is thus expected.®>® This was confirmed experimentally, as shown
in Fig. 4. Note in that figure that the pattern from the combined elements is approaching the cosine-
squared shape while the single element pattern is significantly broader. This is consistent with dipole
versus monopole behavior. The final velocity of free carriers in III-V semiconductors decreases with electric
ﬁeld above some threshold". Such “negative differential conductivity” behavior is applicable to photo-carriers as
well'! and can be used to further reduce inter-element coupling. By taking advantage of the fact that the microwave
signal has the opposite polarity as the bias field", the electromagnetic pulse from the rear element, arriving at the
front element will decrease the bias field there. Referring to Fig. 3, if the bias on the front element is to the right of
the plateau, decreasing the bias will actually increase the carrier velocity. Note finally that the direction of far field
maximum amplitude aligns with the optical beam direction permitting the EM pulse to be steered optically.

It is important to note that the power that might be realized from LIPPES devices is relatively independent
of the laser power provided there is sufﬁment fluence to ensure that all of the illuminated semiconductor
volume is saturated We have estimated® individual peak powers of 1kW (a conversion of the static
electric energy, ¢E %j2, stored in a 10 square centimeter photoconducting antenna area with a typical 1 um
optical absorption depth for a 50 ps pulse). From our measurements of radiated field strength, at a
distance of two meters, it was clear that the field was much less that the 1kV estimated. This can be
attributed to the fact that the field electrode configuration was not optimized and that the laser power was
insufficient in these initial trials to achieve saturation fluence. Also, the total radiated power should
increase as the square of the number elements.

In summary, we have demonstrated, for the first time that two photocénductive antenna elements
can be optically excited in a in-line serial configuration with a single laser source. The array elements are
controlled and reconfigured by optical wavelength multiplexing. Mutual couplings or cross-talk among the
elements was reduced by setting the bias fields at the plateau voltages for the individual semiconductor
sources. The radiation beam directionality as well as its intensity can be manipulated via a fiber optical
network and choice of input optical powers.
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Appendix II
(White Paper on LIPPES Concept)

Laser Induced, Pulsed, Picosecond, E-M Source
Using a Semiconductor Antenna/Source

We propose to design, fabricate and optimize a two-element, semiconductor,
photoconductive antenna/source system to demonstrate that the basic concept can be made into an
efficient source/antenna element. The system is based on the concept of Laser Induced, Pulsed,
Picosecond, E-M Source (LIPPES), which we have previously demonstrated at AFRL/SNHA. The
advantages of the LIPPES concept are as follows; 1) when NOT illuminated (~99% of pulse cycle
time), the elements are dielectric and therefore have a much lower radar cross section than
conventional metallic antennae, 2) the laser excitation mechanism lends its self to optical/ MEMS
reconfiguring of the microwave pattern, 3) basic theory predicts that the signal strength at the
source should approach the field of the bias voltage, which is on the order of thousands of volts per
centimeter, 4) such system should be both simple and inexpensive suggesting increased reliability
and reduced procurement and maintenance costs. A proposed budget, a description of the LIPPES
concept and a summary of the research to date are presented below.

Budget

In order to optimize the efficiency of the LIPPES concept an intensified research effort will be
required. If the device is to move toward a useful device, it must be assigned at least the equivalent
of one fulltime researcher and some resources. At present and for the preceding two years, the level
of effort for this project has been approximately 2 man months per year. This consisted of a visiting
expert scientist, Dr. Everett E. Crisman, from Brown University one day per week supplemented by
Dr. John Derov, AFRL/SNHA as available from his other projects. Funding recommendations;
three-year, one man/per year, effort is as follows:

Fiscal Year 00 01 02

Salaries $ 130K $ 138K - $146K
Equip. & Supplies $ 50K : $ 50K , $ 10K
Travel $ 5K $ 10K $ 10K
Totals $ 185K $ 198K $ 166K.

For this project, we will analyze the effects of two essential parameters necessary for efficient
LIPPES operation: 1) the conversion efficiency of the radiator elements and 2) the effective
isotropic power (and therefore range) of the combined radiator. The first of these tasks will be
preformed by measuring the radiated E-M energy for each element as a function of both optical
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excitation wavelength and the surface electric field. Using the results of that study, we will
construct a model to calculate the maximum power that can be generated per element. We will
than use those results to determine the design of a three dimensional array that will allow us to
verify power and range predictions.
Description of Operation of LIPPES Antenna/ Source

The basic concept of the LIPPES system is shown in figure 1. The surface of slab (wafer) of
semiconductor is biased with a pulse of high voltage (several thousand volts, for a microsecond)
through two conducting contacts deposited on the surface at opposite edges of the slab. When a
pulse of high intensity light (of duration much less than 1usec) is incident on the surface of the
semiconductor, the photo-generated, optical carriers are accelerated in the field produced by the
biasing voltage. Those accelerated carriers create an electromagnetic field pulse that emulates the

optical pulse. Vb

E-M PULSES

OPTICAL PULSES

Figure 1: Schematic of the LIPPES principal.
Using conventional lasers as the light source, pulses with duration as short as femto-second can be
obtained. The resulting E-M pulses will have center frequencies in the 100 THz to 100 GHz range.
Calculations have shown that the corresponding bandwidths would be at least 40% of the center
frequency. Using a combination of semiconductor elements in series in conjunction with
illuminating multiple spots on the same element, beam intensity and steering can be controlled.

Previous Research
Briefly the LIPPES concept has been demonstrated using a mode-locked, Q-switched YLF
laser system, which provided 501 pulse energy and 80ps pulse duration at a wavelength of 1054nm.
The laser pulses were passed through a frequency doubling KDP crystal to provide 527nm pulses at
a repetition rate of 378Hz. The physics of the frequency doubling process are such that significant
amount of energy radiated at 1054nm passes along the optical path as well. Using a 20kV, 5us, bias
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pulse, synchronized with the laser pulse, and photo-diode triggering off a sampling oscilloscope, E-
M pulses of 80ps duration were observed. (The resulting duty cycle was 0.2 percent, which means
that the elements are in their dielectric state most of the time.)

A schematic of the experimental arrangement is shown in Fig. 2. A serial configuration was
employed utilizing two photo-activated semiconductor elements illuminated by the dual wavelength,
single laser source. Parallel excitation of multiple spots on a single semiconductor wafer element
has been demonstrated also. The particular two-element system employed consisted of a GaAs
wafer (closest to the laser) with an InP wafer in front. Undoped GaAs (bandgap Eg=1.43eV @RT)
strongly absorbs the 527nm but is transparent at 1054nm wavelength, while the InP with Fe
impurities (Eg=1.32eV @RT), absorbs significantly at 1054nm. As a result, both in-line elements

are activated.

/' 1054nm

EEERERE
e\e\\’\e\@\t\ 527nm
%
Wide Band EM AR L L3 Dual Wavelength
Field Detector AN SN Laser Source
InP Front ---- \‘\ \.... GaAs Rear
Element Element

[ ——

Two EM Field Emitting Elements in Series
Figure 2: LIPPES configuration with a two-wavelength laser source exciting
two EM radiating elements configured in series.
Traces of the E-M pulses detected from the series radiating elements are reproduced in Fig. 3. Trace
(a) is the E-M pulse shape with only the front, InP, element biased with the high voltage, while trace
(b) is the far field E-M pulse shape with only the rear most, GaAs, element biased. The bottom trace
(c) shows the far field E-M response when both elements are biased. The oscillations to the right of
the principal peaks in Fig. 2 are due to various E-M reflections (from laboratory walls, equipment,
etc.) arriving at the detector after the principal event. These results demonstrate that, as theory
predicts the E-M pulse from the rear element stays in phase with the laser excitation and the
subsequent E-M pulse from the front element and thus the resulting far field signal is the algebraic
sum of the individual element fields. Thus the output power of the source/antenna system can be
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controlled by the biasing potentials on the elements, the wavelength content of the laser and/or the
number of elements. We emphasize that no attempt has been made yet to optimize the LIPPES
source/antenna system. Neither the choices of wavelength for the laser nor the choices of
semiconductors for the elements are close to ideal. Those parameter values were, rather, an artifact
of what was available or readily attainable at the time that the LIPPES concept was conceived. In
addition, with the components at hand, more than 75% of the laser light is lost due to reflection at
the various semiconductor surfaces. We have done some preliminary antireflection coating
development, which indicates that the reflection losses can be reduced to the order of a few percent.
No EM radiators have, as yet, been prepared with those AR coatings.

For the proposed project, the system will be excited by 50uJ laser pulses of 80ps duration
and will, therefore, be operating in the microwave range with center frequency of 12.5GHz.
Increasing the frequency to the THz range will be demonstrated using our in-house, tunable, Ti-
sapphire laser that can be pulsed compressed to 1-10ps. Because the Ti-sapphire laser is tunable, we
can excite the semiconductor elements near their band edge. Thus we should be able to investigate
the conversion efficiency of the elements and determine the power and range limitation of such
radiators. The first task will be to maximize the conversion efficiency of the radiators by measuring
the output EM energy as a function of both the excitation wavelength and the quasi-dc electric field
across the illuminated surface. Using those results, the second task will be to model the system in
order to determine the maximum power that can be generated by each element. We should then be
able to determine the design of a three dimensional array (elements excited in both parallel and

series configuration) that could be used to verify our power and range predictions.

Figure. 3:
/ ' a) the EM field signal with
VAN A A A only the front element
Vi =~ biased, b) the EM field
signal with only the rear
element biased, c) the EM
field signal with both
AN elements biased.
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Appendix III
(White Paper on Micro-machined MM-Wave Sensors)

I Relevance ,

There are several military applications for MM-Wave sensors. Of particular interest the possibility of target
recognition imaging. Other potential applications include unexploded ordinance recovery, land mine
detection, aircraft collision avoidance and rain/fog penetration. The proposed devices require no cooling and
therefore are more battle qualified than many of the competing technologies. Ready adaptation to existing Si
fab-line technology implies that arrays of such sensors will be cost competitive with competing systems.

II Concept

Micro-machining is an enabling technology for millimeter wavelength sensors (30 —300 GHz). The
envisioned sensor element design consists of a deposited metallic dipole antenna terminated with a thin film
resistor. The dipole dimension is ‘tuned’ to the wavelength of the required frequency thereby absorbing
energy at that wavelength. That energy is manifest as RF current that is then converted to heat in the resistor.
By utilizing micro-machining techniques, the thin film terminating the resistor can be suspended above the
substrate on a thin beam of silicon or silicon compound (SiO», Si3N4) thus providing thermal isolation from
the substrate. Even a weak RF source will yield a significant change in resistor temperature that can be
sensed with a thermopile or pryroelectric type detector. The antenna/resistor array requires somewhat
complex fabrication processing but will be formed from commom metallic materials. Pyroelectric type
detectors will be simple in design but are constructed from ‘non-standard’ materials such as GaN or AIN.
The figure below is a simplified drawing of the final structure. The dipole elements per se would be of a low
resistivity stable metal such as gold. The terminating resistor will be of somie easily deposited compound
such as Nichrome or poly-silicon. The cavity beneath the suspended resistor is formed by reactive gas
etching of the sacrificial layer.
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III Applications and Advantages

There are several military applications for MM-Wave sensors. Of particular interest the possibility of target
recognition AND imaging (versus only tracking). Other potential applications include land mine detection,
unexploded ordinance recovery, aircraft collision avoidance and rain/fog penetration. The detectors
described above can be readily arrayed by combining micro-machining techniques with commercial, silicon-
based integrated circuit CMOS processing. Therefore, focal plane or antenna arrays of such elements can be
fabricated that include readout control circuitry. The potential for reducing the costs of arrays with this
design is considerable.

VI Requested Funding
$250K is requested for this program. Details provided on request.
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